The photochemistry of benzophenone ketyl radical in the D 1 excited state, BPH(D 1 ), was studied by means of two-color dual-pulse laser flash photolysis (355 and 532 
Introduction
Ionic liquids (ILs) are receiving much attention as potential green solvents for various chemical processes. Potential applications include their use as electrolytes for electrochemical reactions and as green reaction media for organic reactions including photochemical reactions and photoinduced electron-transfter reactions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Because the photochemistry of benzophenone (BP) has been widely investigated in various organic solvents, 17 comparing the dynamics of photoinduced reactions of triplet-state BP (BP(T 1 )) and benzophenone ketyl radical (BPH) in
ILs with the reaction dynamics in conventional organic solvents can provide information about the solvent characteristics of ILs. For example, Muldoon et al. found that the activation energy for hydrogen abstraction from imidazolium-based ILs (22 to 25 kJ/mol) by BP(T 1 ) is substantially higher than the energies observed in conventional solvents (13.7 kJ/mol in cyclohexane and 14.5 kJ/mol in toluene). 18 The activation energy is independent of the anionic component (PF 6 or (CF 3 SO 2 )N)) and the availability of the hydrogen atom at the 2-position of the imidazolium ring.
Recently Wakasa studied the effects of a magnetic field on photoinduced hydrogen-abstraction reactions of BP(T 1 ) with thiophenol in ILs. 19 The yield of the ketyl radical decreased even when the intensity of the magnetic field was low. The high viscosity of ILs cannot be the reason for this large magnetic field effect, and Wakasa speculated that a cage effect may be important because a confined system is necessary for spin conversion. This speculation is consistent with the recent findings on local structure and domains in ILs, which are unique characteristics of ILs as condensed media. The importance of local structures has been discussed recently. For example, Hamaguchi's group used Raman spectral analysis to
show for the first time that two distinct conformational structures of the imidazolium cation exist simultaneously in the IL state. 20, 21 These investigators also obtained evidence of mesoscopic local structure in ILs by means of coherent anti-Stokes Raman scattering measurements. 22 Iwata et al. investigated the importance of local structures in reaction dynamics by measuring the vibrational cooling rates of the excited state of trans-stilbene in ILs by picosecond time-resolved Raman spectroscopy. 23, 24 The local structure is manifested by the existence of structurally distinct domains of polarity and nonpolarity occupied by the charged (constituent ions) and uncharged parts (side chains) of ILs, respectively. The volumes and interconnectivity of these heterogeneous domains depend on the lengths of the aliphatic side chains. [25] [26] [27] The distribution of various solutes between the domains depends on the solute characteristics. Consequently, attempts to characterize the polarity of ILs using solvatochromic probes give disparate answers depending on the probe molecule used. 28 Many fast bimolecular reactions have been studied in ILs. [29] [30] [31] [32] [33] [34] [35] [36] [37] For spectral measurements, a system consisting of a 300-mm monochromator (ACTON, SpectraPro 2358i) and a gated intensified charge-coupled device camera (Princeton Instruments, PI-MAX-II, UNIGENII) was used. The wavelength response of the detector was corrected by comparing the fluorescence spectrum of Coumarin 153 with a reported reference spectrum. 46 The analyzing light after the sample cell was collimated to the optical bundle fiber and transferred to the spectrometer. A UV-cutoff filter (420 nm) was placed before the sample. was detected with a Si photodiode (New Focus, 1601) after being dispersed with a monochromator. The observed wavelength was 600 nm. The signal from the detector was introduced into a digital oscilloscope (LeCroy, 6200A). The rise time of the overall system was about 400 ps.
Results and Discussion
Hydrogen abstraction by BP in the triplet excited state, BP(T 1 ), is known to generate BPH in organic solvents such as cyclohexane, toluene, and alcohols. However, studies of the reaction of BP(T 1 ) in ILs are limited. 18, 19, 38 In TMPA-TFSA, the lifetime of BP(T 1 ) is reported to be 19 μs, which is substantially longer than the lifetimes in cyclohexane (300 ns), 2-propanol (5 ns), and benzene (3 μs). 19 In contrast, the lifetime of BP(T 1 ) in Bmim-TFSA has been reported to be 3 μs.
These results suggest that TMPA-TFSA is unreactive with BP(T 1 ) and that Bmim-TFSA is substantially more reactive with BP(T 1 ) than TMPA-TFSA. It has been suggested that BP (T 1 ) abstracts a hydrogen atom from the 2-position of the imidazolium ring of Bmim-TFSA. 18 In Fig. 2 , transient absorption spectra after the excitation of BP with a 355-nm pulse in (a) TMPA-TFSA and in (b) Bmim-TFSA are shown. Comparison of these two spectra with previously reported spectra in methanol and acetonitrile 17, [42] [43] [44] clearly indicates that the spectra observed in TMPA-TFSA until 10 μs after the pulse can be attributed to BP(T 1 ); in contrast, the spectra observed in Bmim-TFSA at 4 μs after the pulse clearly indicate the formation of BPH.
The spectra in Bmim-TFSA are consistent with the spectrum recently measured in Bmim-PF 6 by Nishiyama et al. 38 Therefore, as previously suggested, 18, 19 hydrogen abstraction is slow in TMPA-TFSA.
Because BPH was produced in Bmim-TFSA, we examined BPH in the D 1 excited state generated with a 532-nm laser pulse in Bmim-TFSA. Upon excitation with the 532-nm pulse, BPH emitted fluorescence from the D 1 state (Fig. 2b) . The fluorescence spectrum was measured 20 μs after the 355-nm pulse with a 3-ns gate width and was fitted by a log-normal function. The peak of the spectrum was 594 nm. Because the absorption maximum was located around 539.5 nm, the Stokes shift, ν Stokes , of BPH in Bmim-TFSA was determined to be 1700 49 and ν Stokes is linear in organic solvents except for 2-propanol and methanol, as shown in Fig. 3 . The line in Fig. 3 shows the correlation between ν Stokes and E T (30) with the alcohol data excluded. Because Because the fluorescence lifetime in Bmim-TFSA was the same as that in acetonitrile, the interaction of BPH(D 1 ) with Bmim-TFSA may have been similar to that with acetonitrile, as previously suggested by non-equilibrium molecular dynamics simulations. 64 The transient kinetics of the excited state of BPH were examined in methanol and Bmim-TFSA (Fig. 5a, b) . The transient signals were monitored at 500 nm, and CCl 4 was added For the bimolecular reaction of BPH(D 1 ), an electron transfer reaction from BPH(D 1 ) to BP has been suggested. 44 After considering these reaction paths, we propose the following reactions to explain the permanent bleaching that we observed:
where k 1 , k 2 , k 3 , and k 4 are the rate constants for the respective reactions. Though we cannot yet Therefore, the following relationship between the observed bleaching and the above reactions can be established:
where Abs 0 and Abs t are the absorbances immediately before and after the 532-nm pulse, respectively, and F is a constant that depends on experimental conditions such as laser intensity and quantum efficiency for the formation of BPH(D 1 ) upon 532-nm irradiation of BPH(D 0 ).
Though fitting the bleaching amount using k 1 -k 4 
where η is viscosity (in Pa s), and R is the gas constant (8. found that the reaction rates were nearly 10 times the rates predicted by eqn (4). This result suggests that the diffusion coefficient we calculated from the bulk viscosity of ILs was not necessarily correct.
An alternative way to estimate the diffusion-limited rate constant is to calculate it with the Smoluchowski equation:
where is a mutual diffusion coefficient for the reactants, and D AB r AB is the reaction distance. [43] [44] In the present study we found no experimental evidence for the formation of solvated electrons in Bmim-TFSA. Even if an electron had been ejected from BPH, the electron would have immediately been scavenged by the Bmim cation, as we previously reported. 36, 70 Therefore, the contribution of solvated electrons in the present reaction system was probably negligible. However, the ejection of an electron from the excited BPH into ILs is an interesting possibility. We previously examined photo-excitation of solvated electrons in TMPA-TFSA. 71 After the photo-excitation of the solvated electrons at 532-nm, we observed permanent bleaching of the solvated electrons. The permanent photo-bleaching may have been due to formation of quasi-free electrons, which are highly mobile in the IL. We are planning to study the present reaction system in ILs in which solvated electrons are stable. Table 1 . The solid line is the fit obtained using data for solvents 1, 2, 3, and 6 only. is a measurement with a high time resolution after 532-nm pulse irradiation. 
Conclusion
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